Abstract-We report 56% efficient external cavity resonant second harmonic generation of a diode-laser pumped, CW single-axial-mode Nd :YAG laser. A theory of external doubling with a resonant fundamental is presented and compared to experimental results for three monolithic cavities of nonlinear MgO : LiNb03. The best conversion efficiency was obtained with a 12.5 mm long monolithic ring cavity doubler, which produced 29.7 mW of CW, single axial mode 532 nm radiation from an input of 52.6 mW.
I. INTRODUCTION HERE has been increasing interest in the develop-
T ment and applications of diode-laser-pumped solidstate lasers. Diode-laser-pumped lasers offer improved reliability, efficiency, and frequency stability [ I] compared to lamp-pumped lasers. An important application of diodelaser-pumped solid-state lasers is in the generation of visible radiation by frequency doubling [2]. Since the diodepumped CW laser power levels are relatively low, efficient second harmonic generation (SHG) requires some method of increasing the intensities in the doubling crystal. Approaches to CW nonlinear conversion have concentrated on intracavity frequency doubling [3], intracavity sum generation [4], and self-frequency doubling [5] where advantage is taken of the high circulating intensity present inside the laser resonator. Although these internal SHG lasers yield good conversion efficiencies, they usually oscillate in several axial modes, resulting in large amplitude fluctuations at the second harmonic [6].
An approach that circumvents this problem, the use of an external resonance cavity to enhance the fields present in the doubling crystal, was first demonstrated by Ashkin et al. in 1966 [7] . This approach allows the laser cavity and the external resonance cavity to be independently optimized, which is especially important in low gain or Manuscript received December 8, 1987. quasi-three-level laser systems [8], [9] . Independent optimization also allows the design of a single axial mode laser source [lo], thus ensuring that the output of the external doubler is also in single frequency.
External cavity resonant SHG experiments have been reported by a number of investigators. Ashkin et al. reported an enhancement of 2-3 of the fundamental in the doubling crystal over the case where no resonator was used, and concluded that their lossy (4 percent single-pass) KDP crystal and the noise in their laser prevented them from achieving better results. Further efforts in external cavity resonant doubling have been carried out using frequency-stable dye and argon ion lasers. Brieger et al. reported a fundamental enhancement of 15 in an external ring cavity containing an ADA crystal and having 6.6 percent roundtrip losses [ 113. Continuous wave, ring cavity resonant doubling using ADP has been reported on by Bergquist et aE. to generate high-power UV output [ 121. When the ADP crystal was placed in a cavity of 3 percent roundtrip loss, enhancements of approximately 20 of the fundamental power resulted. Baumert et al. reported using KNb03 in an external cavity to frequency double the output of a low-power ( 5 5 mW) dye laser [13]. The fundamental enhancement of 6 resulted in a 1.5 percent conversion efficiency and was also limited by cavity losses.
The results of earlier investigators have indicated the importance of both frequency stable lasers for maintaining the resonance condition, and the use of very low-loss external cavities and doubling crystals for large fundamental enhancements. An important advance in making resonant SHG possible for diode-laser-pumped solid-state lasers has been the recent development of monolithic nonplanar ring geometries in Nd:YAG that produce frequency-stable single-mode outputs [ 101, [ 141. The other important advance used for these experiments was the development of high-quality MgO : LiNb03 as a nonlinear material, which has a loss of 1064 nm of less than 0.003 cm-' [ 151. In addition, the material does not suffer from photorefractive effects when frequency doubling 1064 nm light at the 107 "C phase-matching temperature.
0018-9197/88/0600-0913$01 .OO O 1988 IEEE 11. THEORY The SHG conversion efficiency of an external cavity doubler may be determined from the theory of Ashkin, Boyd, and Dziedzic (ABD) [7] . Fig. l(a) and (b) show the two monolithic doubling cavity geometries used for our experiments: (a) the standing wave, and (b) the ring configuration. Note that the standing wave cavity is phase matched for both the forward and backward propagating intracavity beams, resulting in two second harmonic outputs. The ring geometry is phase matched only for the forward beam, and therefore generates second harmonic in a single direction. Following the notation of ABD, let r , and r2 be the power reflection coefficients of the cavity mirrors M , and M 2 , and let t l and t2 be their power transmission coefficients. The mirrors are assumed to be lossless, so that r , + t I = r2 + t2 = 1 . Any real scatter losses in the mirrors can be included in t , the single-pass power transmission coefficient of the material in the resonator. P I is the fundamental power incident on the cavity and P, is the fundamental power reflected from the cavity. P,. is the circulating fundamental power just inside the first mirror Mi of the external resonator. The crystal transmission and the mirror reflectivities are assumed to be nearly unity, so that the circulating power may be approximated as being constant throughout the crystal.
For very low-loss resonators and crystals, it is useful to extend the theory of ABD to take into account depletion of the resonated fundamental due to the doubling process. As long as this ''loss'' of the circulating power to the second harmonic remains small, it can be described by an additional crystal transmission term tSH. Let
be the fraction of resonated fundamental not frequency doubled in a single pass through the crystal where
is the conversion efficiency of the resonated fundamental to the second harmonic.
The nonlinear conversion factor ySH can be derived using the formalism of Boyd As in ADB, the resonated fundamental and therefore second harmonic output can be solved for in terms of the crystal transmission and cavity mirror characteristics. It is useful to define a term r,,,, the cavity reflectance parameter, which represents the fraction of resonated fundamental left after one roundtrip inside the cavity. For the ring cavity, which generates green in only one direction, the cavity reflectance parameter becomes
For the standing wave geometry, which generates green in both directions,
The significance of the cavity reflectance parameter can be seen in the expression for the reflected fundamental power. On resonance, If r I = r,,,, then P, = 0 and all of the incident power is coupled into the external cavity. Choosing this mirror reflectivity "impedance matches" the resonator. Since r,,, depends on P,. through tsH, this impedance matching condition is dependent on the incident power level and on the doubling efficiency. The enhancement of the fundamental power on resonance is given by which also determines the circulating power. Due to the dependence of r,,! on the circulating power, (6) is a cubic equation in P,.. This is easiest to solve numerically for the specific system and power level of interest. The expected second harmonic output is determined by P, . For the ring geometry, where o is the laser fundamental frequency, k , is the fundamental wavenumber n is the index of refraction of the crystal, c is the speed of light, and eo is the permittivity factor, with the double refraction parameter B and focusing parameter E . For noncritical ( 9 0 " ) phase matching, The importance of using low-loss crystals with properly impedance matched resonators is seen by using the above equations in a numerical example. Fig. 2 shows the maximum conversion efficiency expected for a monolithic ring external doubler for various levels of roundtrip loss (defined as l -t 2 ) as a function of input power where perfect impedance matching is assumed at all input powers. Since operation at a specific rl is necessary for monolithic devices, perfect impedance matching is only possible at a particular power level. Fig. 3 shows the output powers expected for particular input mirror reflectivities as a function of input power as compared to the impedancematched optimum. It should be noted that although the conversion efficiency peaks for each specific r l , the second harmonic power still increases monotonically as a function of input power.
EXPERIMENTS
The Nd : YAG nonplanar ring oscillator used in these experiments has been described elsewhere by Kane et al. [ 191. The laser operated TEMoo and in a single axial mode with a linewidth of less than 10 kHz and a drift of less than 1 MHz/min. This frequency stability is well within the linewidth of the doubling cavities considered here (6-18 MHz), and so laser linewidth effects can be safely ignored. The laser produced 15 mW of CW output power when pumped by a 120 mW diode laser. This laser was used for the standing wave external resonator experiment. The same laser geometry with a greater outcoupling produced 53 mW of single axial mode output when pumped with a 500 mW diode laser. This higher power laser was used for the ring cavity doubler experiments.
MgO : LiNb03 was selected as the nonlinear material for these experiments because of its low loss and large nonlinear coefficient for noncritical phase-matched doubling of 1064 nm radiation. The one uncertain parameter for the material was the maximum length of crystal that could be phase matched. Previous work has shown that the phase-matching length is limited to approximately 12 mm due to the MgO concentration gradient down the length of the boule [ 151. Choosing both the crystal growth direction and the propagation direction along the x axis was necessary to avoid scattering from striae that arise during growth from the noncongruent melt.
A monolithic cavity was desired for these experiments to ensure the lowest possible cavity losses and good frequency stability. The resonators were formed by polishing curved ends on the MgO : LiNb03 crystal and then depositing thin film coatings directly on these curved surfaces. To fabricate a ring cavity, the z face of the crystal was polished parallel to the mirror axes, resulting in an off-axis ring such as shown in Fig. l(b) . Using MgO : LiNb03 allowed the resonator's optical length to be controlled electrooptically with the rZ2 coefficient by applying a voltage across the y axis of the crystal. By applying a linear ramp voltage and detecting the transmitted fundamental power when the crystal was not at the phase-matching temperature, we measured the finesse of the external resonator. Knowledge of the finesse enabled the cavity losses to be determined, which are important for fitting the experimental results to the theory.
The experiments were performed on three separate monolithic resonators. The characteristics of these resonators are given in Table I . The results of the first crystal resonator, a standing wave geometry doubler, have been previously published [20] and are summarized here. Fig.  4 shows the experimental setup used for the standing wave doubler experiment. The laser output was collimated with a lens of focal length 60 mm and then carefully spatially mode matched into the external cavity as discussed by Kogelnik and Li [21] with a lens of focal length of 100 mm. When the monolithic standing wave resonator was placed in an oven and heated to the phase-matching temperature of 107"C, second harmonic was generated in both directions. Dichroic beam splitters allowed both outputs to be measured. A Faraday isolator was used to collect the light reflected from the crystal cavity. This reflected light was minimized on resonance, and so was used as a feedback signal to lock the external cavity to the laser frequency. To accomplish this locking, the crystal voltage ' I Detector had a small dither (at 7.2 kHz) applied to it. A lock-in amplifier with 3 Hz filter bandwidth was used to detect this component on the reflected light, and the resulting dispersive-shaped signal was fed through a PI servo amplifier and then to the high-voltage amplifier. Fig. 5 shows the output of this standing wave external resonant SHG device. The maximum fundamental power available for this experiment was 15 mW due to diode pump limitations. At this level of input, a total of 2 mW of second harmonic was generated for a total conversion efficiency of 13 percent. The data compare well to the theory when the phase-matchable length L was adjusted to L = 13 mm. This length gives an L h ( 0 , E ) = 7 x so that ysHG = O.O025/W. Measuring the transmitted fundamental power allowed determination of the resonator's circulating power. At an incident power of 15 mW, the circulating power was 600 mW, representing an enhancement of 40 in the fundamental. At this power level, though, 2 mW was transmitted through the resonator and 6 mW was back reflected. This was due to the 99.7 percent mirror reflectivities, which leaked circulating power through mirror M2 and did not provide proper impedance matching at mirror M , .
The second external SHG crystal resonator was fabricated with the same length and mirror curvatures as the standing wave doubler. To fabricate a ring resonator, such as shown in Fig. l(b) , the z face of the crystal was polished down to 0.25 mm from the axis of the mirrors. The thickness of the crystal across the y axis was reduced to lower the interferometer FSR scanning voltage. A 98.3 percent reflector at 1.06 pm was deposited as mirror M , to better couple the fundamental into the cavity. A high reflector (at 1064 nm) was deposited as M 2 , which measured 0.04 percent transmitting at the fundamental and 85 percent transmitting at the second harmonic.
Since the MgO:LiNbO, crystal was determined to be phase matching over an effective length of only 13 mm, the third crystal was fabricated 12.5 mm in length. The z face was polished to 0.18 mm from the axis of the mirrors to complete the ring. The output high reflector and the input 98.3 percent reflector coatings were identical to those on the previous crystal. The measured finesse of 292 for this crystal indicated that the total scatter and absorption losses were 0.42 percent at the fundamental. Fig. 6 shows the experimental setup for the external ring resonant doubler experiments. The ring geometry eliminates the need for a Faraday isolator since the incident fundamental is not retroreflected from the external cavity. This reflected power is detected and used for locking on resonance. The dither and lock-in detection technique discussed above was used for all the data presented here, but locking of the external crystal cavity was also demonstrated using both the Hansch-Couillaud polarization spectroscopy technique [22] and Pound-Drever FM spectroscopy technique [23] . For the Hansch-Couillaud technique, the polarization anisotropy of the crystal itself was used as an intracavity polarizing element. The PoundDrever technique used FM sidebands generated inside the electrooptic crystal resonator by applying RF power through a bias tee, rather than using an external phase modulator.
The amplitude noise spectrum of the fundamental and the second harmonic were measured for the 12.5 mm ring doubler. The 8 percent (peak-to-peak) noise in the doubler output at full power was principally due to 3 percent noise in the laser output with additional noise from the servoloop. Spectrum analyzer traces of both the laser and doubler output showed sharp noise peaks at the 320 kHz relaxation oscillation frequency of the laser, with the doubler noise about 5 dB greater ( 3 dB is expected from theory). The laser noise, dominated by relaxation oscillations in the Nd : YAG nonplanar ring oscillator, was attributed to the diode laser pump power fluctuations. The long-term frequency stability of the doubler output is determined by the laser stability since the doubler cavity is servoed to the laser output. The laser frequency was controlled by temperature tuning the laser crystal, with a tuning coefficient for the monolithic Nd : YAG laser of -3.1
We measured the temperature tuning coefficient for monolithic MgO : LiNb03 resonators to be -4.4 GHz/ "C. The large fundamental field buildup in the external cavity caused heating due to absorption, pushing the resonance approximately 1 / 3 of a FSR. The dither/ lock-in detection servo proved to be very robust, tracking this effect, and the system maintained lock and good second harmonic power stability for arbitrarily long periods. The effect of space-charge screening of the applied field by photoconductive electrons [24] seemed negligible. Fig. 7 shows the output of the 25 mm crystal ring cavity as a function of incident power. The crystal generated 18 mW of second harmonic at an incident power of 45 mW for a conversion efficiency of 40 percent. At this power level, the cavity reflected only 5 percent of the incident power and transmitted 2 percent. Since the incoupler was chosen to impedance match at this power level, the residual 5 percent reflection was attributed to imperfect spatial mode matching caused the slight astigmatism of both the laser and doubler cavity designs. The theoretical curve was generated using the same 0.8 percent roundtrip cavity loss and effective length of L = 13 mm that was used in the first crystal, and taking into account the imperfect GHZ/OC. coupling and the 15 percent loss of the second harmonic at mirror M2 (bireflection prevents the reflected green light from being reentrant). The second harmonic generated represented a loss of the circulating power of only 0.7 percent, on the same order as the scatter and absorption losses, and that the enhancement of the incident fundamental power was 53. Fig. 7 also shows the output of 12.5 mm ring doubler.
The crystal generated 29.7 mW of 532 nm power from an incident fundamental power of 52.7 mW for a 56 percent conversion efficiency. At this level of incident power, the crystal transmitted 2 percent and reflected 7.5 percent of the incident light. This larger level of reflected light as compared to the 25 mm cavity is probably due to the larger astigmatism and smaller spot size for this cavity. The theoretical output of the doubler is also plotted in Fig. 7 , using the measured losses and a phase-matching length of 12.5 mm. The imperfect coupling and the 15 percent loss of the second harmonic at the exit face of the crystal is again accounted for in the theoretical calculation. The cavity parameters give an L h ( 0 , t ) = 1.13 x lo-*.
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IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24. NO. 6. J U N E 1988 Therefore, this shorter crystal, with its smaller waist and full phase-matched length, has a ySH = O.O039/W. At the 52 mW incident power, the circulating fundamental power was 3000 mW, which represents an enhancement of 60 for the fundamental. The loss of the circulating power to the second harmonic was 1 percent, much more than the 0.42 percent scatter and absorption losses. It should be noted that the 56 percent conversion efficiency represents the measured output of the doubler cavity. If mirror M2 had transmitted all of the generated second harmonic, the observed conversion efficiency would have been 66 percent. In addition, since improper spatial mode matching limited the incoupled power to 92.5 percent of the incident power, the second harmonic generated from the incoupled power represents a 72 percent conversion efficiency.
A small improvement in the doubling efficiency should be possible with even shorter crystals than the 12.5 mm crystal we used. Numerical studies on scaling down the geometry used in our experiments indicate that shorter crystals give improved conversion. A maximum improvement of 10 percent in the second harmonic output power is predicted for a 2 mm long crystal (using a fixed loss of 0.05 percent and a length-dependent loss of 0.15 percent/cm).
The small ring doubler output of 29.7 mW represents a conversion efficiency of 6 percent of the 500 mW diode laser pump power. This efficiency was limited primarily by the design of our Nd : YAG nonplanar ring oscillators. An improved Nd : YAG nonplanar oscillator design that produces 55 mW output from a 150 mW diode laser pump has been developed [25] that would potentially improve the diode laser to green power conversion efficiency by a factor of three.
Iv. SUMMARY We have presented a model for second harmonic generation using an external cavity resonant at the fundamental which takes into account depletion of the circulating power to the second harmonic. Low cavity losses are important for good efficiency so that the dominant loss of the resonated fundamental is to the second harmonic. We have taken advantage of low-loss MgO:LiNbO, and monolithic designs to efficiently frequency double the output of low-power CW single-axial-mode diode-laserpumped Nd : YAG lasers. The results of three monolithic cavities were presented and compared to theory. The best efficiency was obtained with a 12.5 mm long ring cavity, which produced 29.7 mW of CW, single axial mode 532 nm radiation from 52.7 mW of incident fundamental for an overall conversion efficiency of 56 percent. 
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